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J) Eddy current test method and apparatus. 

) A method and apparatus for perfcmning con- 
ductance measurements on a sample using an 
eddy current probe, without the need for 
measurement or knowledge of the separation 
between probe and sample. The probe com- 
prises sense and drive coBs mounted In dose 
proximity to each other (or a single coil which 
functions as both a sense and drive coU). dr- 
ourtry for producing AC voltage in the drive coll, 
and a meter for measuring In-phase and quad- 
rature components of induced voltage In the 
sense col. Look-up table data can be generated 
far use In subsequent measurements on sam- 
ples of unknown conductance by performing 
eddy current measurements on samples having 
different known conductances to generate re- 
ference lift-off curves, processing the reference 
lift-off curve 9 to determine a conductance func- 
tion relating each known conductance to a 
location along a selected curve, and storing 
conductance values determined by the con- 
ductance function for different points on the 
selected curve as the look-tip table data. An 
unknown sample conductance can then be de- 
termined by generating a lift-off curve from 
voltage measurements at different probe sepa- 
rations from the sample, determining a new 
intersection vert age pair representing the In- 
tersection of the lift-off curve with the selected 
curve, and determining the unknown conduct- 
ance as a look-up table value indexed by the 
new Intersection voltage pair. 
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Field of the invention 

The Invention pertains to methods and apparatus 
for performing eddy current testing and processing 
eddy current test data, and for measuring the conduc- 
tance or co nductfvfty of a s ample (a uch as a semicon- 
ductor wafer). 

Background of the Invention 

For a variety of commercially significant purpos- 
es it is desirable to perform nondestructive tests to 
measure the electrical conductance, conductivity, or 
resistivity of a sample. 

For example, during semiconductor product man- 
ufacturing, there is a need to measure the conductiv- 
ity of various conductive thin films on semiconductor 
wafers a/id integrated circuits in a nondestructive 
manner. Also during semiconductor product manufac- 
turing, It la useful to perform stress measurements on 
semiconductor wafers and Integrated circuits In a 
nondestructive manner. 

It Is well known that such measurements can be 
obtained by eddy current testing. One conventional 
apparatus for performing eddy current tasting on a 
sample is described In U.S. Patent 4.000,458, issued 
December 28, 1976. Another Is described in Jeanner- 
et, et al„ Inductive Conductance Measurements in 
Two-DlroensJonal Superconducting Systems," Ap- 
plied Phys. Lett. 56 (22), pp. 233S-2338 (November 
27, 1989). The Jeanneret, et al. ( apparatus employs 
two colls, both positioned above the sample: a drive 
coil (of radius 2.05 mm}, end en a statically wound re- 
ceiver coil (having radius 1.2 mm) coaxiaBy mounted 
within the drive coil. The receiver coil has a first sec- 
tion (wound with right-handed helical geometry) and 
a second section (wound with left-handed helical ge- 
ometry). The lower end of the drive coil is positioned 
ata first known distance (0.3 mm) above the sample, 
and the tower end of the lower section of the receiver 
coll Is positioned at e second known distance above 
tha sample, where the second distance Is much (e.g., 
an order of magnitude) smaller than the first distance. 
As the drive coil is driven by an AC voltage source (at 
a frequency of 70 kHz), the In-phase and quadrature 
components of the voltage at the receiver con are 
measured by •conventional lock-In techniques or by 
en ac mutual-Inductance bridge." The resulting vol- 
tage data can be processed (with data indicating the 
coils' distance from the sample) to determine the 
sample's complex conductance. 

Several conventional techniques for processing 
in-phase and quadrature voltage data obtained dur- 
ing eddy current testing are described in the Nondes- 
tructive Testing Handbook. Second Edition , edited by 
R. C. Mc Master, American Society for Nondestructive 
Testing, Inc. (1986), Volume 4-Beciromagnetic Test- 
ing, at pages 218-222. However, such conventional 



techniques require accurate knowledge of the sepa- 
ration between the sample and an eddy current probe 
(comprising drive coll and sense coll) at one or more 
positions of the probe relative to the sample. 
5 In typical applications cf eddy current testing, ac- 

curate measurement (or prior knowledge) of the sep- 
aration between the eddy current probe and tha sam- 
ple requires complicated and expansive equipment. 
For example. U.S. Patent 4,302,721 describes an 
10 eddy current teatlng apparatus which employs com- 
plicated acoustic wave measurement equipment to 
measure eddy current probe- to-sample separation. 

Other typical applications of eddy current testing 
require maintenance of the eddy current probe at a 
13 constant, precisely repeats We distance from the sam- 
ple. For example, U.S. Patent 4.849,694, Issued July 
1 B, 1 38 9. assumes that a sample's resistivity or thick- 
ness Is known, and employs eddy current measure* 
men ts to determine the other of the sample's ras fativ- 
20 ity or thickness In a manner requiring that the meas- 
urement apparatus maintain the eddy current probe 
at a constant, precisely repeatable distance "d" from 
the sample surface. This reference teaches that a 
precision optical microscope is preferably used to pre- 
28 clseJy position the eddy current probe at the distance 
"d a from the sample. 

Until the present Invention, it was not known how 
to perform eddy current teatlng to obtain accurate 
conductance or conductivity measurements on a 
so sample without the need to measure the separation 
between the probe and the sample or to perform 
measurements at a precisely maintained probed to- 
sample separation. The eddy current testing method 
of tha present Invention provides a convenient and'irt- 
36 expensive way to obtain conductance and/or conduc- 
tivity measurements on a sample without the need to 
measure separation between an eddy current probe 
and a sample. 



The Inventive apparatus is capable of performing 
conductance (or conductivity, resistance, or resistiv- 
ity) measurements on a sample using an eddy current 

45 probe without tha need to measure (or otherwise 
know) the separation between the probe and sample. 
Preferably, the apparatus Includes an eddy current 
probe comprising a housing, and at least one drive 
coil and at least one sense coil mounted within tha 

so housing. Each sense coll Is mounted in sufficiently 
close proximity to a drive coll {or coils) toaltowmutual 
inductance measurements. In a preferred embodi- 
ment, one drive coil is mounted In the housing, and 
one sense coll Is mounted in the housing coaxiaJly 

as with the drive coil. In other embodiments, a single coll 
functions both as a drive coll and a senae coll. 

The apparatus also Includes means for producing 
AC voltage In the drive coil (preferably with a selected 



40 Summary of the Invention 
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frequency In the range from 100 KHz to 100 MHz or 
higher), a meter for measuring the amplitude of both 
the In- phase component and the quadrature compo- 
nent of the Induced AC voltage In a sense col! (or 
- coils) In response to AC voltage in the drive coll, and 
a processor (with a memory) for processing the out- 
put signal from the meter. 

Preferred embodiments of the inventive method 
include the steps of generating and storing look-up ta- 
ble data for use In subsequent measurements on 
samples having unknown conductivity. The first step 
of the look-up table data generation process is to per- 
form eddy currant measurements on samples having 
known resistivity to generate reference lift-off curves. 
The reference lift-off curve for each sample is gener- 
ated by measuring sense coll voltage pairs (each pair 
comprising an in- phase and a quadrature component 
of an AC voltage induced in a sense coll fri response 
to AC voltage in a drive coil) for each of several probe 
positions along an axis normal to the sample surface. 
The separation between the sample and the probe 
need not be measured or otherwise known. For each 
sample, several measured sense coll voltage pairs 
are processed to determine a reference lift-off curve. 

A processor then processes the reference lift-off 
curves to determine a set of Intersection voltage 
pairs, each pair representing the Intersection of a se- 
lected curve (e.g., a circular arc or another graph of 
a polynomial function) with a different one of the ref- 
erence lift-off curves . The processor then determines 
a resistivity function which relates the known resistiv- 
ity associated with each Intersection voltage pair to a 
location along the selected curve. The resistivity 
function determines a resistivity value for each point 
on the selected curve (or a resistivity value for each 
point on the selected curve), Including resistivity val- 
ues not associated with any of the reference lift-off 
curves. The processor then stores a look-up table 
comprising a resistivity value determined by the resis- 
tivity function, for each of a number of different points 
on the selected curve. Each resistivity value can be 
retrieved from the stored look-up table by accessing 
a memory location Indexed by a corresponding index 
voltage pair. 

After storing the look-up table, the resistivity of an 
"unknown" sample can be determined in accordance 
with the Invention in the following manner. A lift-off 
curve la generated by producing an AC voltage in the 
drive coil while measuring both In- phase and quadra- 
ture components of the AC voltage induced in the 
sense coil, for each of a number of probe positions 
along an axis normal to the surface of the unknown 
sample. Aa during reference lift-off curve generation, 
the separation between the sample and the probe 
(along the z- axis) need not be measured or otherwise 
known. The measured sense coil voltage pairs (each 
pair comprising an in-phaee voltage and a quadrature 
voltage) are processed to determine a lift-off curve. 
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The processor next determines a "new* intersection 
voltage pair which represents the intersection of the 
lift-off curve (for the unknown sample) with the se- 
lected curve employed during look-up table genera- 
5 tlon, and Identifies the resistivity of the unknown 
sample as a look-up table value it retrieves from the 
memorylocatton indexed by the new intersection voi- 
tage pair. 

In alternative embodiments, software for impJe- 
10 men ting the resistivity function itself can be stored in 
a memory (rather than the described look-up table). 
In such after native embodiments, the resistivity of en 
unknown sample is determined in the same way de- 
scribed above, except that rather than retrieving a 

is stared look-up table value after generating a "new" in- 
tersection voltage pair for the unknown sample, the 
processor determines the resistivity of the unknown 
sample by processing the new Intersection voltage 
par In accordance with the resistivity function. 

20 . In a class of preferred embodiments, the inven- 
tive apparatus processes data obtained with very 
high drive coil frequency (e;g., from 1 CO KHz. to 1 00 
MHz or higher) and a very small diameter probe (very 
small diameter drive and sense coils), to measure 

23 very small sample regions. Very thin layers of a mul- 
tilayer sample can be selectively measured by ex- 
ploiting the phenomenon that, for a given probe, the 
depth of the sample region measured depends in a 
weO understood manner on the frequency of the AC . 

so voltage in the drive coil. 

Brisf Description of the Drawings 

Figure 1 lee simplified schematic diagram of a 
35 preferred embodiment of the inventive apparatus. 

Figure 2 is a graph of eight lift-off curve*, and a 
circular arc intersecting the lift-off curves, generated 
In accordance with the look-up table generation oper- 
ation of the Invention. 
40 Figure 3 is a simplified side crose-eectlonal view 

of a portion of second preferred embodiment cf the In- 
ventive apparatus. 

Figure 4 Is a graph of a conductance function 
which relates a sheet resistance to each point on a 
48 "selected curve" of the type employed in performing 
the Inventive method (curve "V" in Fig. 2 Is an exam- 
ple of such a selected curve). 

Figure 5 is a contour map obtained by performing 
the inventive method at each of a plurality of locations 
so on the surface of a disk-shaped sample. 

Figure 6 Is a graph of a lift-off curve, and rays in- 
tersecting the lift-off curve. 

Figure 7 ta a graph of eight ihft-off curves (plotted 
in polar coordinates), and two "selected curves" Inten- 
se sectJng the lift-off curves, generated In accordance 
with an embodiment of the look-up table generation 
operation of the invention. 

Figure 8 is a graph of a conductance function 
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which relates a sheet resistance to each point on e 
•selected curve" of the type employed In performing 
the Inventive method. 

Detailed Description of the Preferred Embodiment 

Since electrical resistivity ia the Inverse of elec- 
trical conductivity, determination of either of these 
quantities in accordance with the Invention determi- 
nes both of them. Although for simplicity, the Inven- 
tion Is described herein with reference to embodi- 
ments which determine a sample's electrical conduc- 
tivity. Itwlll be apparent to those of ordinary aWII in the 
art how to implement variations on these embodi- 
ments to determine electrical resistivity in accor- 
dance with the Invention. It will also be apparent to 
those of ordinary skill In the art haw to Implement va- 
riations on these embodiments to determine complex 
electrical conductance, resistance, sheet conduc- 
tance) or sheet resistance. For example, electrical re- 
sistance can be determined by measuring electrical 
resistivity using the described apparatus, indepen- 
dently measuring a linear dimension of the sample by 
any conventional means, and dividing the measured 
resistivity by the measured linear dimension to deter- 
mine the resistance. In the claims and the abstract, 
the term -conductance' is used In a broad sense to 
denote conductivity, resistivity, conductance, resis- 
tance, sheet conductance, or sheet resistance. 

The expression 'AC voltage* la used throughout 
the specification. Including In the claims, to denote 
any periodically time-varying voltage, including for 
example, voltages having sinusoidal, square wave, or 
sawtooth waveforms. 

A preferred embodiment of the Inventive appara- 
tus will described with reference to Figure 1. As 
shown in Pig. 1. the apparatus includes an eddy cur- 
rent probe comprising housing 3, drive coll 4 mounted 
within housing 3. and sense coil 6 (comprising sec- 
tions 6a, 6b, and Be) wfthln housing 3. Sense coil 6 Is 
mounted coaxlally with coll 4, has a smaller radius 
than coil 4, and is an astatlcaJly wound coil which 
comprises: first section 6a wound with a first handed- 
ness (e.g. section 6a can be a right-handed helix), 
second section 6b wound with the opposite handed- 
ness (e.g. section 6b is a left-handed helix if section 
6a la a right-handed helix), and a non-wound central 
section 6c which connects sections Sa and 6b. 

In some preferred embodiments, each coil is 
wound on a core of high permeability ferrlte material. 
In other preferred embodiments, each coll Is wound 
on a core of acrylic material. 

In a preferred embodiment coll 4 comprises 36 
gauge copper wire having 40 turns with a spacing 
substantially equal to the diameter of the wire be- 
tween turns and a radius in the range from 6 mm to 
10 mm, and each of coil sections 6a and 8b comprises 
38 gauge copper wire having 18 turns with a spacing 



substantially equal to the diameter of the wire be- 
tween turns and a radius In the range from 1 mm to 
3 mm. In this embodiment, the non-wound central 
section 6c has a length of 4 mm. 

s In alternative embodiments, the probe can in- 

clude more than one sense coil, more than one drive 
coll, or both. In all embodiments which include at least 
one drtve coil and at least one sense coll, each drive 
coil Is mounted in sufficiently dose proximity to a 

10 aense coil to allow mutual inductance measurements 
(but each sense coll need not be mounted coaxlally 
with a drtve coil). Alternatively, the probe can Include 
a single coil, which functions as both a drive coll and 
a sense coil. 

is In Fig. 1. the V direction is normal to sample 2*3 

top surface, and the "x" direction is parallel to sample 
2'a top surface. A lin ear actuator (such as that descri- 
bed below with reference to Fig. 3) b.provWad for 
translating housing 3 (and/or coil 4) In the m z m direction 

so relative to sample 2, to enable measurements with 
the lower end of coil 4 In any of a range of positions 
(along the z-axte) above sample 2. Alternatively, the 
sample can be moved relative to fixed coils. 

The term "above" Is employed herein to denote a 

55 direction normal to the sample surface (or normal to 
a portion of the sample surface); not to denote any 
particular direction relative lo the earth's surface. 

In some embodiments, housing 3 (and/or coil 4) 
can be positioned in direct contact with sample Zs 

so surface as well aa in positions separated from sample 
2, but in other embodiments housing 3 (end/or coil 4) 
Is not poslttaneble in direct contact with sample 2. It 
Is unnecessary for the Fig, 1 apparatus to include a 
means for determining the actual position of housing 

33 3 (or colls 4 and 0) along the z-axis relative to oempte 
2. 

Preferably, a linear actuator Is provided for trans- 
lating coil 6 relative to coil 4, so that when coil 4 is In 
a f iret position (for making a conductivity measure- 

40 ment). coil 6 can be translated in to en opti mal position 
relative to coil 4 for optimizing the eddy current 
pro be 1 e eenettlvfry. 

AC voltage source 8 ia connected to coil 4. When 
activated, source 8 produces AC voltage in coil 4 with 

49 a selected frequency wfthln the range from 100 KHz 
to at least 100 MHz (or the range from 1 MHz to at 
least 100 MHz). In a typical case In which coil 4 (and 
associated electrical Unas) represents a load of 50 
ohms to source 8, source 8 is capable of producing si- 

so nusoldal voltage having a peak-to-peak amplitude of 
about five volts in coil 4w To Increase the probe's re- 
solution, thereby allowing measurement of Ihe con- 
ductance of smaller sample regions (either at the 
sample surface or at selected depths below ttiesam- 

ss pie surface), the diametera of drive coil 4 and sense 
coll 8 should be reduced and the AC voltage frequen- 
cy in drive coil 4 Increased. 

Desired thin layers of a multilayer sample can be 
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selectively measured because, for a given probe, the 
depth of the sample region measured depends in a 
well understood manner on the AC voltage frequency 
in drive coil 4. The drive coil voltage frequency can be 
chosen to cause the electromagnetic Held due to the 5 
drive coll to extend to a desired deptti In the sample. 

For a given separation between the lower end of 
coil 4 and sample 2 (and the lower and of coll 6 and 
sample 2), the amplitude of the AC voltage induced in 
sense coil 8 in response to AC voltage In coil 4 will de- fo 
pend on the conductance of sample 2. Meter 10, 
which Is connected to coll 6, measures the amplitude 
of both the In-phase component and the quadrature 
component {the component 90 degrees out of phase 
with the voltage in drive coil 4) of the induced AC vol- 15 
tags in sense coil 6. In preferred embodiments, meter 
10 is a vector voltmeter having sensitivity In the range 
from 1 millivolt to 100 millivolts over the frequency 
range of th e drive ooil voltage (typically from 1 00 kHz 
to at least 100 MHz). The output signal from meter 10, 20 
preferably a digital signal Indicative of the amplitudes 
of both the In-phase and quadrature components of 
the induced voltage in cod 6, undergoes processing In 
accordance with the invention in processor 12 (in a 
manner to be described below). In alternative em- 26 
bodl merits, the Irvpnase and quadrature components 
of the induced vottage In coii 6 are measured using an 
AC mutual-inductance bridge. Processor 12 is prefer- 
ably a general purpose digital computer programmed 
with software for generating the data signals descri- so 
bed herein (for example signals inelcatrve of the be- 
low-described conductance function, and signals In- 
dicative of the below-described conductivity or resis- 
tivity values), and for a taring data in (and retrieving 
stored data from) memory 14 connected thereto, s* 

A preferred em bod I merit of the Inventive method 
will next be described with reference to Figure 2. The 
first step of the method la to generate look-up table 
data (by operating processor 12) and store the data 
(in memory 14} as a look-up table for uaa in subs©- <so 
quant measurements on samples having unknown 
conductivity. 

The first step of the look-up cable data generation 
process is to perform eddy current measurements on 
each of a number of samples (N samples) having 
known conductivity, to gens rate a corresponding 
number of lift-off curves (N lift-off curves). Elghteuch 
lift-off curves are shown In Fig. 2. 

Each lift-off curve Is generated by producing an 
AC voltage in drive coil 4 while measuring both the in- so 
phase and quadrature components of the AC voltage 
Induced in sense coll 6, for each of a number of probe 
positions along the 2- ax Is. The separation between 
the sample and the probe (along the z-axb) need not 
be measured or otherwise known. 55 

Typically, a small number (such as twenty-f ive) of 
sense coil voltage pairs (each pair comprising an in- 
phase voltage and a corresponding quadrature vol- 



tage) are measured (using meter 10)for each sample. 
Each sense coil voltage pair is measured with a dif- 
ferent probe position along the z-axis with respect to 
the sample. For each sample, a sat of measured 
sense coJI voltage pairs is processed to determine a 
lift-off curve. 

Specifically, for a given sample, processor 12 
processes an output signal from meter 10 (Indicative 
of a sense coll vol tags pair) for each of several probe 
positions to determine a polynomial function <a func- 
tion of "in-phase* voltage versus "quadrature" vol- 
tage) which best fits the data. This function determi- 
nes the lift-off curve for the sample. 

An example of such a lift-off curve la the curve 
labeled "A" In Fig. 2. Lift-off curve A is determined by 
processing a number of sense coii voltage pairs (e.g., 
seven sense coil voltage pairs) obtained by measur- 
ing a sample having a known resistivity of 0.0216 
ohms per square. Lift-off curve R la a graph of a poiy- 
nomlaJ function offormY«-(K)-(L)X*(M)X?, where . 
Y Is quadrature voltage in units of Volts, X is In-phase 
vottage In units of Volts, and K, L. and M are con- . 
stants. Processor 12 Identifies this second order » 
polynomial function as the one which best fits. the 
measured voltage pairs. 

In most cases, twenty-five (or a number on the 
order of twenty-five) sense coil voltage pairs are suf- 
ficient to characterize each lift-off curve with ade- 
quate precision. The range of probe positions (along . 
the z-axis) over which measurements ere made is 
proportional to the sample's conductivity (greater 
probe-to-sample separations are generally required 
for samples of greater conductivities)., and depends . 
elsoon the probe radius. As a rule of thumb (for a typ- 
ical sample), the maximum probe-to- sample separa- 
tion needed to determine a lift-off curve is substan- 
tially equal to 60% of the drive coll radius. We prefer 
to discard (or avoid measuring) sense coil voltage 
pairs for very targe probe-to-sample separations, to 
avoid unnecessary processing of data that will not 
contribute significantly to an accurate lift-off curve 
determination. 

Returning to the Fig. 2 example, each of lift-off 
curves A through H is determined by the same proc- 
ess employed to determine above-described curve A 
(one lift-off curve A through H for each of eight sam- 
ples having a different known resistivity). The sample 
resistivities (in ohms per square) associated with 
curves A through H, respectively, are 0.0216, 0.0263. 
0.0525, 0.0699. 0.081. 0.18, 0.2597, and 0.39. 

After determining a set of reference lift-off 
curves (e.g., curves A»H shown in Fig. 2), processor 
12 performs the next step of the Inventive method by 
determining a set of "intersection" voltage pairs, each 
Intersection voltage pair representing the I ntersectlon 
of a different one of the reference lift-off curves with 
a "selected" curve (which can be. for example, a cir- 
cular arc or another graph of a polynomial function) 
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in X-Y voltage space, where X represents In- phase 
voltage and Y represents quadrature voltage. One 
such -selected curve* (circular arc V) Is shown in Fig. 
2. Selected curve V is a semicircle centered at X a 0 
volts and approximately Y = -0.8 volts. Alternatively, 
another selected curve could hsve been employed, 
such as a circular arc centered at the origin (Y = 0 
volts, X o 0 volts). 

The *KY 9 coordinates of point Ai along lift-off 
curve A are an example of such an intersection vol- 
tage pair for "selected" curve V. 

After processor 12 determines a set of intersec- 
tion voltage pairs along a selected curve, processor 
1 2 Implements the next step of the Inventive method 
which Is to determine a functional relation between 
the known conductivity associated with each inter- 
section vol! ago pair and the selected curve (referred 
to below as a -conductance function"). The conduc- 
tance function determines a conductivity value for 
each point on the selected curve, including conduc- 
tivity values not associated with any of the reference 
lift-off curves. For example. polntZon selected curve 
V corresponds to a unique conductivity (determined 
by processor 12 from the conductance function tor 
selected curve V) that is greater than 0.0263 ohms 
per square (associated with lift-off curve B) and lees 
then 0.0525 crime per square (associated with Irf t-off 
curve CJ. In a class of preferred embodiments, proc- 
essor 12 stores a conductivity value, determined by 
the conductance function, for each of many different 
points (index voltage pake) on the selected curve In 
memory 1 4 as a look-up table. Each s uch conductiv- 
ity value can be retrieved from the stored look-up ta- 
ble by accessing the memory location Indexed by the 
corresponding Index voltage pair. 

In variations on the described method, a conduc- 
tance function relating a known conductance (rather 
than a conductivity) of each measured sample to an 
Intersection voltage pair on the -selected" curve, or a 
•resistance function* or "resistivity function" relating 
a known resistance or resistivity of each measured 
sample to an Intersection voltage pair on the "select- 
ed" curve, can be determined and processed as a 
substitute for the above-described conductance f u no- 
tion. For convenience, the expression "conductance 
function" is used herein (Including in the claims) In a 
broad sense to denote any such conductance func- 
tion, resistance function, or resistivity function, or any 
function which relates a known conductance, conduc- 
tivity, resistance, resistivity, sheet resistance, or 
sheet conductance of each of a set of measured sam- 
ples to an Intersection voltage pair on a '•selected* 
curve, as well as a narrowly defined conductance 
function (relating a known conductance of each of a 
set of measured samples to an Intersection voltage 
pah- on a "selected" curve). 

Figure 4 is a graph of a conductance function 
which determines a sheet resistance, R* (in units of 



ohms per square), tor each point on a selected curve 
of the type employed In performing the inventive 
method. The horizontal axis of Fig. 4 Identifies each 
point on the selected curve by an l/Q ratio, where "J" 
3 represents in-phaae voltage in a sense coll and "Q" 
represents quadrature voltage in the sense coil. A set 
of sheet resistance values from the conductance 
function of Fig. 4 can be stored as a look-up table (of 
the type described above), with each look-up table 
10 entry being Indexed by a corresponding index voltage 
pair (I/O ratio). 

With ref arence again to Fig. 2. after the described 
look-up table has been stored In memory 14. the con- 
ductivity of an "unknown" sample can be determined 
is in accordance with the Invention In the following man- 
ner. Allft-off curve is generated by producing an AC 
voltage In drive coil 4 while employing meter 10 to 
measure both in- phase and quadrature components 
of the AC voltage induced In sense coil 6, for each of 
20 a number of probe positions along the z-axis relative 
to the unknown sample, in the same manner as de- 
scribed above with reference to generation of a refer- 
ence lift-off curve. As during reference II ft-off 'curve 
generation, the separation between the sample end 
23 the probe (along the z-axls) need not be measured or 
otherwise known. 

The measured sense coll voltage pairs (eech pair 
comprising an in -phase voltage and a quadrature vol- 
tage) are processed In processor 12 to determine a 
so lift-off curve (in the same manner as simitar data for 
a reference sample are processed to determine a ref- 
erence lift-off curvo). 8peclf toelly, processor 12 oroc- 
eesea the output signal from meter 1 0 for each of aev- 
era! probe positions to determine a polynomial f unc- 
3S lion (a function of *in*phaae" voltage versus "quadra- 
ture" voltage) which best fits the data. This function 
determines the lift-off curve for the unknown sample. 

Processor 12 next determines en Intersection 
voltage pair (identified as a "new Intersection voltage 
40 pah* below in this paragraph) which represents the In- 
tersection of the lift-off curve (for the unknown sam- 
ple) with the "selected* curve employed during look- 
up table generation (data determining the "selected" 
curve will have been presto red In a memory within 
43 processor 12 or In external memory 14).Prcc8ssor12 
then Identifies the conductivity of the unknown sam- 
ple as the look-up table value It retrieves from the 
memory location of memory 14 which Is Indexed by 
the new Intersection voltage pair. If the new intersec- 
30 tton voltage pair is not equal (or approximately equal) 
to ona of the Index voltage pairs which index a storsd 
look-up table value, then an Interpolation operation 
can be performed to determine the conductivity of the 
unknown sample. Such interpolation operation could 
55 be performed by retrieving the two stored look-up ta- 
ble values Indexed by the two Index voltage pairs 
which most closely match the new intersection vol- 
tage pair, and then Interpolating between these two 
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retrieved look-up table values. 

In alternative embodiments, software for imple- 
menting the conductance function itself can be stored 
(rather than the described look-up table) In memory 
14. In such alternative embodiments, the conductfvl- s 
ty of an unknown sample can be determined In the fol- 
lowing manner. A lift-off curve is generated by pro- 
ducing en AC voltage in drive coil 4 while employing 
meter 10 to measure both in- phase and quadrature 
components of the AC voltage Induced In sense coll 10 
6, for each of a number of probe positions along the 
z-axis relative to the unknown sample, in the same 
manner as described above with reference to gener- 
ation of a reference lift-off curve. The measured 
sense coll voltage pairs are then processed In proc- is 
essor 12 to determine a lift-off curve (in the same 
manner as similar data for a reference sample are 
processed to determine a reference lift-off curve). 
Processor 12 next determines an Intersection voltage 
pair which represents the Intersection of the lift-off . 20 
curve (for the unknown sample) with the "selected" . 
curve employed during look-up table generation (data 
determining the "seJecte<r curve will have been pro- 
stored in a memory within processor 12 or In external 
memory 14). Processor 12 then determines the con- 25 
ductlvity of the unknown sample by processing the In- 
tersection voltage pair In accordance with the conduc- 
tance function. 

It should be appreciated that, even in the alterna- 
tive embodiments described in the previous para- 30 
graph, there Is no need to measure (or know) the sep- 
aration between the eddy currant probe and the eanv 

In variations on the embodiment described with . 
reference to F?g. 2, points along the lift-off curves 3$ 
generated In performing the Invention ere character- 
ized by polar coordinates (an angular coordinate e 
and a radial coordinate R), rather than rectangular co- 
ordinates In voltage (in-phase and quadrature) space. 
For example, lift-off curve 80 Is graphed In Fig. 6 In 40 
rectangular (in-phasa and quadrature) voltage space, 
but Its points can alternatively be characterized by 
polar coordinates. Thus, point fid along lift-off curve 
80 in Fig. 8 has a radial coordinate equal to the length 
of ray 83 (from the origin to point 84) and an angular 45 
coordinate 8 as shown In Fig. 6. Similarly, point 86 
along lift-off curve 80 has a different radial coordin- 
ate equal to the length of ray 81 (from the origin to 
point 86) and a different angular coordinate 8a as 
shown in Rg. 8. so 

In performing one such variation, each of refer- 
ence lift-off curves AA through HH (of Fig. 7) Is de- 
termined by the same process employed to determine 
above-described I if t-off curves A through H of Fig. 2 
(by measuring eight samples having different known 58 
resistivities). However, Fig. 7 shows the (If t-off curves 
plotted In polar coordinates since in this variation, 
processor 12 determines lift-off curves AA through 



HH by processing data indicative of pobr coordinate 
representations of measured (In-phase versus quad- 
rature) voltage pairs In a sense coil. The sample re- 
sistivities (In ohms par square) associated with refer- 
ence lift-off curves DD through HH are 0.171, 0.13, 
0.117, 0.082. and 0.045. respectively. 

After determining reference lift-off curves AA- 
HH of Fig. 7, processor 12 performs the next step of 
the inventive method by determining a set of "Inter- 
section" vottage pairs, each intersection voltage pair 
representing the intersection of a different one of the 
reference lift-off curves with a "selected" curve 
(which can be, for example, line 91. line 92, e graph 
of another polynomial function, or a graph of some 
other complex function) in R-9 space, where radial 
coordinate R satisfies R a (X* + y 2 ) <*, with X repre- 
senting in-phase voltage and Y representing quadra- 
ture voltage, and e la an angular coordinate. "Select- 
ed" curve 92 In Rg. 7 Is a line of constant radial value 
R In R-8 space, and "eelectad" curve 91 in Fig. 7 is a 
line 8 » mR + b (where m and b are constants) In R- 
9 space. We have found that data processing in ac- 
cordance with the Invention Is typically much simpler 
If the lift-off curves and intersection voltage pairs are 
characterized (by the processor) In terms of polar co- 
ordinates in R-o space (rather than rectangular coor- 
dinates in X-Y space), principally since suitable "se- 
lected" curves can bs defined very a imply in such an 
R-e apace. 

The "R/T coordinates of point 94 along lift-off 
curve EE are an example of an Intersection voltage 
pair for selected curve gi, and the "R.6" coordinates 
of point 96 along lift-off curve EE are an •example of 
such an intersection voltage pair for selected curve 
92. After processor 12 determines a set of Intersec- 
tion voltage pairs along a selected curve, processor 
12 implements the next step of the inventive method 
which is to determine a "conductance function" which 
is a functional relation between the known conductiv- 
ity associated with each intersection voltage pair and 
the selected curve. Figure 8 Is a graph of such a con- 
ductance function which relates a sheet resistance to 
each point on a "selected curve" of the type employed 
in performing the embodiment of the Inventive meth- 
od described with reference to Fig. 7. 

A preferred embodiment of a portion of tho Fig. 1 
apparatus will next be described with reference to 
Fig. 3. Sample 2, to be measured by the eddy current 
probe within probe housing 28, rests on a magnetical- 
ly shielded stage comprising member 33 (made of 
material having high magnetic susceptibility) and 
member 34 (made of electrically insulating material 
having low magnetic susceptibility) which supports 
member 33. 

The eddy current probe comprises Inner housing 
23, drive coll 24 mounted within housing 23. and 
sense coll 26 mounted within housing 23. Sense coll 
26 is mounted coax! ally with coll 24. has a smaller ra- 
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dkis than coil 24, and Is astatlcally wound. 

Outer probe housing 28. surrounding Inner hous- 
ing 23. la made of material having high magnetic sus- 
ceptibility to provide magnetic shielding for colls 24 
and 28 during the measuring process. Outer housing 
28 is fixedly attached to probe arm 32. Preferably, 
arm 32 is made of electrically Insulating material hav- 
ing tow magnetic susceptibility. Linear actuator 40 Is 
engaged with arm 32. for translating arm 32, housing 
28. and the eddy current probe mounted within hous- 
ing 28. together as a unit along the x-axis (parallel to 
the top surface of sample 2). 

A linear actuator means is provided for translat- 
ing housing 23 and coila 24 and 26 as a unit along the 
r-axls (the axis perpendicular to sample 2*s top sur- 
face) relative to outer housing 28 and eampie 2, while 
constraining motion of housing 23 m directions per- 
pendicular to the z-axls (such as the direction of the 
x-axis of Fig. 3). One embodiment of such a linear ac- 
tuator means Includes Identical linear actuators 36 
and 36 (fixedly mounted In housing 28) and Identical 
springs 30 and 31 (whose ends are attached between 
housing 23 and actuators 35 and 38, respectively). 
Arms 33a and 36a of actuators 36 and 36. respective- 
ly, push housing 23 (and thus coils 24 and 28) down- 
ward along the z-axis In response to appropriate con- 
trol signals from control unit 15, thereby extending 
epringa 30 and 31 . In response to contra! signals from 
control unit 1 3 for retracting housing 23 (and colls 24 
and 26) along me z-axis away from sample 2, actua- 
tors 35 and 36 enter a mode In which arms 35a end 
36a retract (upwerd) and elongated springs 30 and 31 
relax toward their equilibrium length, pulling housing 
23 (and thus colls 24 and 28) upward along thea-axis. 
Alternatively, a linear actuator can be mounted be- 
tween each of coils 24 and 28 and housing 23, for re- 
tracting one or both of colls 24 and 28 along the z-axis 
(relative to both housing 23 and sample 2) In re- 
sponse to control signals from control unit 15. 

As in the Fig. 1 embodiment, AC voltage source 
a connected to drive coll 24 can be activated to pro- 
duce AC voltage in coll 24. and meter 10 connected 
to sense coil 28 measures the induced AC voltage 
(both In-phaae end quadrature components thereof) 
in coll 26 as a result of ths AC voltage In claim 24 (and 
the influence of sample 2). 

Preferably, the Fig. 3 apparatus inoludee a tem- 
perature sensor tor measuring the temperature of 
sample 2 (or the portion of eampie 2 near colls 24 and 
26), and means for controlling the temperature of 
sample 2 (or the sample portion near coils 24 and 26). 
In one embodiment, ths temperature sensor Includes 
serpentine wire 60 positioned In a recess In the top 
face of stage member 33 to be In thermal contact with 
sample 2 (whan sample 2 rests on member 33). and 
a temperature measurement circuit 52 electrically 
connected to wire 60. Circuit 52 monitors the resis- 
tance of wire 50 and generates (in response to an In- 



put signal Indicative of wire 50's resistance) an output 
signal. T, Indicative of sample 2*e temperature. 

The means for controlling the temperature of 
sample 2 can Include a heating el erne nt 54 (which can 
s have an annular shape as shown In Fig. 3) positioned 
In a recess in the upper surface of stage member 64. 
and a temperature control unit 58 which controls the 
rate of heat transfer from dement 54 to sample 2 rest- 
ing on member 33. Control unit 66 la preferably capa- 
10 ble of causing element 54 to heat sample 2 to any tem- 
perature within a aelected range over which conduc- 
tance measurements ere to be made. 

Temperature sensors end temperature control 
means suitable for use in at least some implemen ta- 
ts tlons of the Fig. 3 embodiment are described in U.S. 
Patent Application Serial No. 07/897,459. filed June 
1, 1992. and assigned to the assignee of the present 
Invention. The text of U.S. Patent Application Serial 
No. 07/897.459 Is Incorporated herein by reference. 
20 A set of conductance measurements can be ob- 

tained by performing the Inventive method at each of 
a pattern of locations on a sample surface. The re- 
sulting data can be plotted or displayed as a contour 
map of the type shown In Fig. 8. which represents 
23 data measured at a grid of locations on a disk-shaped 
semiconductor wafer. Each contour line of Fig. S. In- 
dicate* a common measured value of a parameter 
(e.g., conductance) measured In accordance with the 
invention. 

so Various modifications and alterations in the 

structure and method of operation of this tnvsntion 
will be apparent to those skilled In the art without de- 
parting from the scope end eplrtt of this invention. Al- 
though the invention has been described in oonneo- 

95 Hon with specific preferred embodiments, it should be 
understood that the invention as claimed should not 
be unduly limited to such specific embodiments. 



40 Claims 

1. Amelhodformeasuringconductanceofasampte 
using an eddy current probe comprising a drive 
coil and a eensecoll, including the steps of: 

4S (a) with the eddy current probe at a first sep- 

aration from the sample, and with an AC vol- 
tage in the drive coil, measuring an Induced 
voltage pair comprising in-phase and quadra- 
ture components of an induced AC voltage In 

50 the sense coil; 

(b) performing N repetitions of step (a), where 
N is a positive Integer, with the eddy current 
probe at a different separation from the sam- 
ple during each of said repetitions: and 

55 (c) processing the Induced voltage pairs ob- 

tained In steps (a) and (b) to generate a lift-off 
curve, determining an intersection voltage 
pair representing intersection of the lift-off 
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curve with a selected curve, and determining 
the conductance of the sample from a con- 
ductance function relating conductance with 
location along the selected curve. 

a 

Z. The method of daim 1, also including the steps 

of: 

(d) for each of several eddy current probe sep- 
arations from a first reference sample of 
Known conductance, and with an AC voltage 10 
in the drive coll, measuring an Induced vol- 
tage pair comprising In- phase and quadrature 
components of an Induced AC voltage in the 
sense coil, and processing said Induced vol- 
tage pairs to generate a reference lift-off ts 
curve; 

(e) repeating step (d) for each of a number of 
different reference samples of known conduc- 
tance;, and 

(f) processing the reference liftoff curves 20 
generated during steps (d) and (e) 1o deter- 
mine reference Intersection voltage pairs rep- 
resenting Intersections of the reference lift-off , 
curves with the selected curve, and generat- 
ing the conductance function from said refer- 26 
ence Intersection voltage pairs. 

3. The method of claim 2* wherein the selected 
curve is a circular arc. 

30 

4. The method of dalm 2, wherein the lift-off curve 
: and the intersection voltage pair ere determined 

by polar coordinates in an Re space. 

6. The method of claim 4, wherein the selected as 
curve is a line In said R.e space. 

6. The method of claim 2. elso Including the steps 
oft 

storing look-up table data, comprising con- *o 
ductance values determined by the conductance 
function for each of a number of different points 
on the selected curve, in Indexed memory loca- 
tions. 

43 

7. The method of daim 6. wherein step (c) Includes 
the steps of determining the conductance of the 
sample by retrieving one of the conductance val- 
ues from a memory location Indexed by said In- 
tersection voltage pair. 

8. The method of daim 6\ wherein step (c) includes 
the steps of determining the conductance of the 
sample by. 

(g) retrieving two of tha conductance values » 
from memory locations Indexed by Index vd- 
tage pairs most closely matching said inter- 
section voltage pair; and 



(h) Interpolating between the two conduc- 
tance values retrieved during step (g) to deter- 
mine said conductance of the sample. 

9. The method of dalm 2, also Including the step of 
storing software for Implementing the conduc- 
tance function, and wherein step (c) Indudes the 
step of: 

accessing the software to apply the con- 
ductance function to the Intersection voltage pair, 
thereby generating a signal Indicative of the con- 
ductance of the sample. 

10. The method of claim 1 r wherein the AC vdtage In 
the drive coil has a frequency greater than one 
MHz. 

11. The method of claim 1. wherein the sample is a 
portion of a semiconductor wafer. 

12. The method of dalm 1, wherein me sample is a 
portion of an Integrated circuit. 

13. The method of dslm 1, wherein N la substantially 
equal to twenty-five. 

14w An apparatus for measuring conductance of a 
sample having a surface, induding: 

an eddy currant probe comprising a hous- 
ing, a drive coil mounted within the housing, and 
a sense coil mounted in dose proximity to the 
drive coil in the housing; 

means for changing' the separation be- 
tween the eddy current probe snd the surface of 
the sample; 

means for produdng AC voltage in the 
drive coil; 

means for measuring en induced voltage 
pair resulting from said AC voltage in the drive 
coll at each of a number of different eddy current 
probe, separations from the sample, wherein 
each said induced voltage pair comprises an irv 
phase component and a quadrature component 
of an induced AC voltage In the sense coil; and 

a processor programmed with software for 
processing each said induced voltage pair to gen- 
erate a lift-off curve, determining an Intersection 
voltage pair representing Intersection of the lift- 
off curve with a selected curve, and determining 
the conductance of the sample from a conduc- 
tance function relating conductance with location 
along the selected curve. 

15. The apparatus of dalm 14, wherein the drive coil 
is mounted coaxJally with the sense coll. 

1 6. The apparatus of dai m 1 4, wherein the means for 
producing the AC vdtage In the drive coil ptoduc- 
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es said AC voltage In the drive coil with a selected 
frequency in the range from about 1 00 KHz to at 
least about 100 MHz. 

17. The apparatus of ctelm 14* also including a mem- 
ory connected with the processor, and wherein 
the processor is programmed with software for 
performing the following operations: 

(a) for each of several eddy currenl probe sep- 
arations from a first reference sample of 
known conductance, and in response to said 
AC voltage in the drive coil, receiving an in- 
duced voltage pair comprising In- phase and 
quadrature components of an Induced AC vol- 
tage In the sense coil, and processing said in- 
duced voltage pairs to generate a reference 
lift-off curve; 

(b) repeating step (a) for each of a number of 
different reference samples of known conduc- 
tance; and 

(c) processing the reference lift-off curves 
generated during steps (a) and (b) to deter- 
mine reference Intersection voltage pairs rep- 
resenting Intersections of the reference lift-off 
curves with the selected curve, and generat- 
ing the conductance function from said refer- 
ence Intersection voltage pairs. 

1S. The apparatus of daim 17, wherein the selected 
curve Is a circular arc. 

1 9. The apparatus of claim 17, wherein the processor 
is also programmed with software for performing 
the following operations: 

storing look-up table data in Indexed mem- 
ory locations in the memory, said look-up table 
data comprising conductance values determined 
by the conductance function for each of a number 
of different points on the selected curve. 

20. The apparatus of daim 19, wherein the processor 
Is also programmed with software for performing 
the following operations: 

determining the conductance of the sam- 
ple by retrieving one of the conductance values 
from a memory location of the memory indexed 
by said Intersection voltage pair. 

21. TheapparatusofdalmlS. wherein the processor 
is programmed with software for determining the 
conductivty of the sample by: 

(d) retrieving two of the conductance values 
from memory locations of the memory In- 
dexed by index voltage pairs most closely 
matching said Intersection voltage pair, and 

(e) Interpolating between the two conduc- 
tance values retrieved during step (d) to deter- 
mine said conductance of the sample. 



22. The apparatus of claim 14, also Induding: 

means for translating the eddy current 
probe parallel to the surface of the sample be- 
tween measurement points along a scan path on 
5 the surface of the asmple. 

23. The apparatus ol daim 14, wherein the eddy cur- 
rent probe also includes an cuter housing, and 
wherein the means for changing the separation 

10 between the eddy current probe and the surface 

of the sample is a linear actuator means connect- 
ed to the outer housing for translating the drive 
coD and the sense coil relative to outer housing 
In a direction normal to the surface, while con- 

1$ straining motion of the drive coll and the sense 

coll In directions parallel to the surface. 

24. The apparatus of claim 14, wherein the eddy cur- 
rent probe also Includes an outer housing made 

20 "■ of material having high magnetic susceptibility, to 
provide magnetic shielding for the drive coil and 
the sense coil. 

25. The apparatus of daim 24, also inducing: 

20 a probe arm fixedly attached to outer 

housing; and 

a linear actuator engaged with the probe 
arm, for translating said probe arm and the outer 
housing together as a unit Ina direction normal to 

90' the surface. 

26. The apparatus of claim 14, also induding: 

sample temperature measurement 
means, induding a sensor mounted In thermal 
ss contact with the sample. 



27. The apparatus of daim 26. also induding: 

a sample stage for supporting the sample, 
wherein the sensor is a serpentine wire mounted 
to the sample stage in a position so as to be m 
thermal contact with the sample. 
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28. The apparatus of daim 27. also induding; 

a means for controlling temperature of the 
sample. 

29. A method for measuring conductance of a sample 
using an eddy current probe comprising a col I, in- 
cluding the steps of: 

(a) with the eddy current probe at a first sep- 
aration from the sample, and with an AC vol- 
tage in the coil, measuring an Induced voltage 
pair comprising in-phase and quadrature 
components of ah induced AC voltage In the 
coll; 

(b) performing N repetitions of step (a), where 
N Is a positive integer, with the eddy current 
probe at a different separation from the sam- 



PACE 13/40 ■ RCVD AT 1QW2004 12:19:01 PM [Eastern Daylight Time] ' 8VR:U8PTO-EFXRF-1/3 • DNI8:872930S » CStD:70349 18444 • DURATION (mm^s):1S46 



Oct' 08 2004 12:24PM UILLIRM H HOLT LRU OFFICE 7034918444 



19 EP 0 631 147 A1 2D 

pie during each of said repetitions; and 
(c) processing the Induced voltage pairs ob- 
tained In steps (a) and (b) to generate a lift-off 
curve, determining an intersection voltage 
pair representing intersection of the lift-off 5 
curve with a selected curve, and determining 
the conductance of the sample from a con- 
ductance function relating conductance with 
location along the selected curve. 

10 

30. An apparatus for measuring conductance of a . 
sample having a surface, Including: 

an eddy current probe comprising a hous- 
ing and a coil mounted within the housing; 

means for changing the separation be- is 
tween the eddy current probe and the surface of 
the sample; 

means for producing AC voltage In the cod; 

means for measuring an induced voltage 
pair resulting from said AC voltage in the coil at 20 
each of a number of different eddy current probe 
separations from the sample, wherein each said 
Induced voltage pair comprises an In- phase com- 
ponent and a quadrature component of an in- 
duced AC voltage in the coil; end 25 

a processor programmed with software for 
processing each said induced voltage pair to gen- 
erate a lift-off curve, determining an Intersection 
voltage pair representing Intersection of the lift- 
off curve with e seJoctad curve, and determining so 
the conductance of the sample from a conduc- 
tance function relating conductance with location 
along the selected curve. 

as 
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